Introduction
The marine environment off the northern and northeastern coasts of Taiwan ( Fig. 1) is subject to the seasonal/intra-seasonal fluctuation of the Kuroshio, the northeastward outflow from the Taiwan Strait in the summer, the southward China Coastal Current in the winter, barotropic and baroclinic (internal) tides, meso-scale eddies, monsoons, and typhoon winds. The individual or combined influences from these forcings have been observed by ship measurements, moored current meters, and satellite remote-sensing, as discussed in different studies (e.g., Chern and Wang, 1992; Hsueh et al., 1992; Tang et al., 1999; Tang et al., 2000; Gawarkiewicz et al., 2011; Jan et al., 2011) . By comparison, the influences of typhoons on the hydrography and current velocity is rarely measured using large-scale, in situ measurements because the cruise schedule of research ships is normally arranged a few months in advance of the typhoon season, and because of the unpredictable nature of typhoons. Approximately one week after Typhoon Morakot in 2009, multiple ship measurements that covered the northern Taiwan Strait and the sea north and northeast of Taiwan captured the transient hydrography, which may be (to date) a unique case for the sea surrounding Taiwan. This paper discusses the observational results from this campaign.
There are on average 3.7 typhoons (also called tropical storms) that pass across or near Taiwan every year (Huang et al., 2011) . Some of them, e.g., Typhoon Morakot in 2009, have brought torrential rains concentrated in various parts of Taiwan and caused severe destruction by landslides, mudflows and flooding. The rainwater is absorbed by the ground, gathered by tributaries into major rivers in the watershed, and eventually discharged into coastal estuaries through the major rivers. The rainwater and associated river runoff are easily measured by land-based instruments. However, typhoon-induced freshwater pulses discharged from rivers into coastal seas have rarely been observed by a timely campaign of ship measurements, and their influence on the marine environment around Taiwan has not been studied. In August 2009, a freshwater pulse from the record-breaking rainfall brought by Morakot was observed by a joint hydrographic survey aboard R/V Ocean Researcher II and III (henceforth OR2 and OR3) in the sea from the middle of the Taiwan Strait to the sea northeast of Taiwan. Notably, the heavy rainfall was the highest recorded in the past 50 years, which caused severe landslides in southern Taiwan and washed out much of the commercial aquaculture along the southwestern coast of Taiwan. The freshwater pulse exerted sizable impacts on the marine environment (Hung et al., this issue) . The purpose of this paper is to quantify the freshwater pulse and its effect on the marine environment from the observations.
Typhoon Morakot was a category 1-2 typhoon that formed on Aug. 3, 2009 . Figure 1 shows the track of Morakot for Aug. 6 at 08:00 through Aug. 10 at 02:00 (local time). After its formation, the large system gradually intensified as it translated westward, made landfall in the central region of eastern Taiwan on Aug. 7, and weakened to a severe tropical storm before making landfall in southeastern China on Aug. 9. The storm weakened gradually as it continued to track slowly inland. The remnants of the typhoon eventually dissipated on Aug. 11. After Morakot made landfall in central Taiwan, its translational speed decreased from greater than 20 km h −1 to approximately 10 km h −1 , which led to an unusually long time overlying Taiwan; the heavy rainfall lasted for more than four days in southern Taiwan (Yen et al., 2011; Huang et al., 2011) . Figure 2a shows the observed five-day accumulated rainfall (Aug. 5 at 12:00-Aug. 10 at 12:00) from the rain gauge network maintained by the Central Weather Bureau of Taiwan. The heaviest rainfall was found on the southwestern flank of the Central Mountain Range of Taiwan and resulted in more than 2.5 m of rainfall in five days. The heavy rainfall caused a rapid increase in runoff in the rivers of southwestern Taiwan. Figure 2b shows a time series of runoff in four major rivers (A-D in Fig. 2a) decrease to its normal runoff than the other rivers. The total volume of the time-integrated (Aug. 6-10) runoff for rivers A, B, C, and D in Figure 2a was 1.4, 11.5, 7.3, and 7.0 km 3 , respectively, yielding a total runoff of 27.2 km 3 . This total volume is equal to an ∼1 m thick layer of freshwater over the entire island of Taiwan.
Observations
The joint survey using R/Vs OR2 and OR3 was originally designed to measure large scale hydrographic and current conditions for the numerical model that was used to quantify the uncertainty of physical parameters within the marine system northeast of Taiwan (Gawarkiewicz et al., 2011) . The campaign was scheduled to run from Aug. [13] [14] [15] [16] [17] 2009 , approximately one week after Typhoon Morakot. The location of each ConductivityTemperature-Depth (CTD) cast is illustrated in Figure 1 , in which the open squares and the open triangles indicate the CTD casts completed by OR3 and OR2, respectively. The current velocity along the ship route was measured by a 75 kHz shipboard acoustic Doppler current profiler (ADCP). Similar shipborne CTD and ADCP measurements were also conducted on board OR2 and OR3 from Aug. [21] [22] [23] [24] [25] [26] [27] 2008 and approximately three weeks after Morakot, from Aug. 27-Sept. 2, 2009. These two data sets and the historical CTD data archived in the Ocean Data Bank operated by the Institute of Oceanography, National Taiwan University provide "normal" conditions for comparison. Generally, winds in this region are dominated by the southwest monsoon in the summer (May-August) and the northeast monsoon in the winter (October-March); the weather in August is relatively stable except that it is occasionally disrupted by typhoons. In addition to the shipborne CTD and ADCP measurements, 44 Surface Velocity Program (SVP) drifters were deployed at some of the CTD stations from Aug. 13-17, 2009 as part of a nearly 1.5 years long Lagrangian measurements campaign of the Kuroshio (Velez et al., 2013) . The SVP drifters measure mixed layer currents at a depth of 15 m (Niiler, 2001) . The trajectory and associated drifting velocity from 12 of the 44 drifters that were deployed in the northern Taiwan Strait and off the northern coast of Taiwan indicate the potential movement of the freshwater pulse. The barotropic tidal currents computed by a two-dimensional tidal model (Hu et al., 2010) were subtracted from the raw shipborne ADCP data. The de-tided ADCP data are shown later in Figure 5 determined according to the method described in Gong et al. (2000) . The methods of the water sample analyses are delineated in Hung et al. (2013) and are thus not described here for brevity. Figure 3 depicts the Tropical Rainfall Measuring Mission (TRMM) satellite Microwave Imager (TMI) and AQUA satellite Advanced Microwave Scanning Radiometer for EOS (AMSR-E) fusion sea surface temperature (SST) and QuikScat estimated wind speed and direction at 10 m above the sea surface (snapshot) for Aug. 5, 8, 10 and 11, 2009, which were obtained from the Remote Sensing Systems web site (www.remss.com). The four panels in Figure 3 show the changes in the winds and SST off the northern coast of Taiwan during different stages of Morakot. The sea in the northern Taiwan Strait and off the northern and northeastern coasts of Taiwan were affected by northeasterly winds when Morakot was approaching Taiwan (Fig. 3a) , east-southeasterly after Morakot made landfall in central Taiwan (Fig. 3b) , southwesterly to southeasterly after Morakot made landfall in mainland China (Fig. 3c) , and south-southwesterly after the Typhoon dissipated (Fig. 3d) . The maximal speed of QuikScat estimated winds were ∼20 m s −1 on Aug. 8 at 12:00 (local time)
Results

a. Atmospheric and sea surface conditions
The SST in Figure 3a was ∼29 • C at the North Mien-Hua Canyon (NMHC in Fig. 1 ) and ∼1
• C higher in the area surrounding the canyon. After the winds turned from northeasterly to southeasterly, the SST decreased to 27
• -29
• C with the cold water centered at the NMHC.
With the change in the Typhoon winds, the cold anomaly continuously expanded in surface area and the SST reduced to less than 26
• C centered at the NMHC (Fig. 3c ). On Aug. 11, 2009, the cold patch covered the sea surface off the eastern and northern coasts of Taiwan ( Fig. 3d) . Indeed, typhoon-induced decreases in sea surface temperature and their evolution in the NMHC region have been frequently observed by the satellite observations of SST (Chang et al., 2008) . The dynamics of this typhoon-induced SST cooling have previously been studied by Tsai et al. (2008) and Morimoto et al. (2009) . It is generally believed that the typhoon triggers the intrusion of the subsurface water of Kuroshio onto the shelf through complex interactions of wind, current and topography (Tsai et al., 2008; Morimoto et al., 2009) , causing the decreases in SST off the northeastern coast of Taiwan. Detailed examination of the processes involved in the Morakot-induced Kuroshio water intrusion and the associated decrease in SST can be found in Tsai et al. (2013) . The winds at 100 m above the sea surface, coastal temperature at 6 m deep and sea level recorded at PJY are depicted in Figure 4 . Figure 4 also shows low pass filtered temperature and sea level (red lines in Figs. 4b and 4c). The cutoff frequency of the low pass filter is 1.389 × 10 −3 Hz, which indicates that oscillations with periods less than 30 hours are eliminated from the raw data. The PJY was located to the right of the Typhoon track so it was affected by the winds in the first and fourth quadrants of Morakot. Figure 4a shows the wind strengthened after the outer edge of Morakot reached northern Taiwan on Aug. 5 (see Fig. 3a ). Then, the wind speed increased and the wind direction turned clockwise as time evolved. The wind speed reached 44 m s −1 on Aug. 8 at 9:00 (local time). Unfortunately, there was wind speed but no wind direction data recorded between Aug. 8 at 9:00 and Aug. 13 at 16:00 due to malfunction of the instrument. The wind speed was 42 m s −1 Aug. 8 at 14:00, which was ∼34 m s −1 at 10 m above the sea surface estimated by the commonly used logarithmic wind profile under the neutral atmosphere (Kraus, 1972) ,
where u * is the friction velocity, κ (∼0.4) is the von Karman constant, z is the height above the sea surface, and z 0 (∼3.4 × 10 −4 m) is the surface roughness length (Peña and Gryning, 2008) . The estimated wind speed at 10 m above the sea surface at PJY is 1.7 times greater than the wind speed derived by QuikScat at the same location and time (cf. Fig. 3b ). The discrepancy between the in situ and satellite measured winds ( Fig. 4a vs. Fig. 3 ) implies that the wind speed of Morakot derived by QuikScat may be underestimated. For Aug. 13-19, the Figure 4b shows that the low pass filtered temperature (red line) began to drop dramatically from 26
• C on Aug. 6 to 20
• C on Aug. 9. A second temperature drop is found between Aug. 12 and Aug. 13. Thereafter, the temperature began to increase and a relatively stable temperature with small fluctuations returned after Aug. 15. The sea level oscillations shown in Figure 4c were essentially controlled by tides during non-typhoon periods. During Morakot, high frequency non-tidal oscillations became significant. The low pass filtered sea level in Figure 4c suggests that the sea level was set-up around the island roughly during the northeast typhoon wind period before Aug. 8, and then decreased and returned to its typical level within the next three days. The low frequency sea level variation was likely caused by a combination of the changing typhoon winds, the freshwater pulse, and the intrusion of the Kuroshio which is discussed in Tsai et al. (2013) .
b. Hydrography and current velocity
The spatial variation in temperature and detided current velocity at depths of 5, 10, 50 and 100 m obtained shortly after Morakot (Aug. 13-17, 2009 ) and during the other two shipborne observations (Aug. 21-27, 2008 and Aug. 27-Sept. 2, 2009 ) are illustrated in Figure 5 . The corresponding salinity at these depths is illustrated in Figure 6 . During the "normal" August in 2008, the near surface temperature (Figs. 5a and 5b) was generally greater than 26
• C, except in the coastal region near mainland China, where coastal upwelling primarily determined the temperature in the upper layer (Jan et al., 1994; Hu et al., 2001 , among others). At 50 m depth, the temperature was less than 24
• C along the continental slope region off the northeastern coast of Taiwan (Fig. 5c) , which was considerably less than that over the southern East China Sea shelf and over the deep region northeast of Taiwan. The colder water originated from the subsurface water of the Kuroshio through the process of topographic upwelling Hsueh et al., 1992; Tang et al., 1999; Wu et al., 2008; Shen et al., 2011) . The temperature at 100 m was less than 20
• C from the continental slope to the shelf regions but was relatively higher (>22 • C) in the Kuroshio region (Fig. 5d) . A prominent temperature front aligned along the shelfbreak was observed between the Kuroshio and the East China Sea shelf water masses (Figs. 5d, 5h , and 5l). The corresponding salinity at different depths suggests that the salinity was less than 33.5 in the upper 50 m except in the Kuroshio region (Figs. 6a-6c). The warm but less saline water was from the northern South China Sea, which was carried by the northeastward Taiwan Strait flow to the southern East China Sea (Jan et al., 2006) . The higher salinity (∼34.5) water below 50 m off the northeastern coast of Taiwan must originate from the Kuroshio (Figs. 6c and 6d ). The T-S diagrams, which will be shown later, verify this inference. Approximately one week after Morakot, the temperature at different depths (Figs. 5e-5h) showed no appreciable differences from that in Figures 5a-5d in the Taiwan Strait, except in the sea northeast of Taiwan. The temperature at 5 and 10 m (Figs. 5e and 5f) was ∼3
• C lower than that during the 2008-1 survey (Figs 5a and 5b) over the continental slope off the northeastern coast of Taiwan. Without the influences from typhoons, the variation of the cold dome in this region contributes to the major SST variations here (Jan et al., 2011) . The fluctuation of SST difference between the sea off northeastern Taiwan and of the Kuroshio region in August is normally smaller than 2 • C within one week (Jan et al., 2011) . The -3
• C variation during the 2009-1 survey, which lasted for more than two weeks, is a significant event of temperature decrease caused by Morakot. The spatial structure of the temperature field at 50 m was complicated off the northern and northeastern coasts of Taiwan (Fig. 5g ). An Ω-shaped, isolated warm patch (>27 • C) was observed extending from northern Taiwan (Fig. 5g) ; immediately east of the warm patch, a circular-shaped cold patch (<20 • C) was embedded in a northeast-southwest oriented feature of 21-22
water between the MHC and the NMHC. The temperature distribution at 100 m ( Fig. 5h ) was similar to that during 2008-1 (Fig. 5d) ; the Kuroshio temperature front in Figure 5h remained at the same location as that in Figure 5d . The salinity fields during 2009-1 (Figs. 6e-h) show dramatic discrepancies from those during 2008-1 (Figs. 6a-d) , particularly off the northern and northeastern coasts of Taiwan. A low salinity anomaly with salinity lower than 32.5 was observed at 5 m depth off northern Taiwan (Fig. 6e) . Because the salinity anomaly was presumably resulting from the freshwater runoff from Morakot, it is hereafter called the "freshwater pulse." The salinity of 32.5 was adopted as an indicator of the core of the freshwater pulse. The freshwater pulse retained this low salinity property down to 20 m (Figs. 6e and 6f) and was rarely found below 20 m (Figs. 6g and 6h ). The hydrographic patterns at 50 and 100 m were relatively stable compared with the dramatic change in the surface hydrography during the three cruises. East of the freshwater pulse, the salinity at 5 m and 10 m was anomalously higher (>1 psu) than that in 2008-1. The abnormally low temperature and high salinity water off northeastern Taiwan may be the Kuroshio intrusion triggered by Morakot. A probable cold wake generated by Morakot through windinduced local mixing and upwelling on the ECS shelf may have also contributed to the cold anomaly. Approximately two and a half weeks after Morakot, a low salinity patch that may be the remnant of the freshwater pulse was observed over the MHC and NMHC. Most of the freshwater from Morakot likely merged into the Kuroshio and was transported by the Kuroshio to the northeast. By comparison, the salinity at 5 and 10 m was higher in the Kuroshio region than those during the 2008-1 and 2009-1 periods. Regardless of the discrepancy in the upper layer, the hydrographic patterns during 2009-2 (Figs. 5i-5l and Figs. 6i-6l) were similar to those during 2008-1. There is no further direct measurement, particularly for salinity, to examine the fate of the freshwater pulse, but a subtle speculation can be made from the drifter trajectories obtained after 2009-1 and from the migration of a certain Taiwanese species of fish. Figure 7 shows the drifter-trajectories and corresponding drifting speeds of the 44 drifters deployed from Aug. 13 to Sept. 15, 2009 (beginning at the red squares in Fig. 7) . The drifters that were associated with the freshwater pulse drifted into the Kuroshio two-three days after being in proximity to the northern coast of Taiwan (Fig. 7) , which suggests the advective rather than diffusive effects dominated the evolution of the freshwater pulse. Approximately one month after Morakot, Japanese fishermen caught Taiwanese freshwater grouper, usually farmed along the west coast of Taiwan, in the waters around Okinawa, Japan (M.-A. Lee, personal communication) . A probable scenario is that the grouper were washed from their farm and then carried with the freshwater pulse along the coast of Taiwan and then carried by the Kuroshio to the waters around Okinawa.
The de-tided ADCP measured current velocity data (white arrows in Fig. 5) show that distinct Kuroshio currents with speeds ∼1.5 m s −1 separated from the east coast of Taiwan at Su-ao (see Fig. 1 for the location) and flowed to the northeast roughly along the continental shelfbreak/slope after Typhoon Morakot. The currents in Taiwan Strait were consistent with the climatological summer pattern compiled by Liang et al. (2003) . was within a reasonable range summarized from previous measurements (Jan et al., 2006) . The trajectories and associated drifting speeds of the 12 drifters in Figure 7 suggest the upper layer current velocity in the northern Taiwan Strait and off the northern coast of Taiwan. The drifters that were deployed close to the northwestern coast of Taiwan moved anticyclonically around the northern coast of Taiwan and were carried by the Kuroshio to the northeast as they encountered the west flank of the Kuroshio off Su-ao (see colored trajectories in Fig. 7a ). Their drifting speed ranged from 0.25 to 0.5 m s −1 (Fig. 7b) . Another group of drifters that were deployed in the middle and northwestern Taiwan Strait moved north-northeastward to the East China Sea (see gray trajectories in Fig. 7a ) at a speed of ∼0.25 m s −1 The drifting velocities in Figure 7b suggest that the majority of the freshwater and saline (>34) water mass extending along the continental shelf edge off the northeastern coast of Taiwan, which is the mean location of the cold dome (Jan et al., 2011) . The cold water mass shifted shoreward ( • E, the relatively cold and saltier water originating from the deep meridional channel (the Penghu Channel) in southeastern Taiwan Strait (Jan et al., 2002; Jan et al., 2006) occupied the lower layer in northern Taiwan Strait, which is a well-known summer hydrographic pattern in this region. It is believed that the water mass from Taiwan Strait meets the upwelled subsurface water from the Kuroshio, creating this unique hydrographic pattern off the northern coast of Taiwan. A similar hydrographic pattern at a transect across the northern Taiwan Strait was observed by Chen (2011) , who suggested it was caused by downwelling off the northern coast of Taiwan followed by upwelling of the subsurface Kuroshio water zonally in northern Taiwan Strait. However, with the combined analysis of the strait-wide CTD and ADCP data and the numerical simulations, Jan et al. (2002 and 2006) , and this study all suggest that the bottom water in northern Taiwan Strait originates from the Penghu Channel in southeastern Taiwan Strait, which is different from the upwelled subsurface water from the Kuroshio.
Discussion
a. Hydrography of the freshwater pulse
A focus on the temperature, salinity and density (σ t ) at 10 m during the 2009-1 observations in Figure 11 is used to quantify the freshwater pulse. To estimate the hydrographic anomaly of the freshwater pulse, the CTD data collected in August of 1985-2009 were averaged to obtain the climatological hydrography. The climatological hydrography was then subtracted from the CTD data obtained during the 2009-1 observation to quantify the salinity anomaly of the freshwater pulse. Figure 12 shows the temperature and salinity anomalies at 10 m depth. In the freshwater pulse and its surrounding waters, the temperature anomaly ranges from −2
• to 1 • C and the salinity anomaly is as high as −1.2. In contrast, the temperature difference is as high as −4
• C and the salinity is ∼0.2 greater than the mean salinity in August along the southern East China Sea shelfbreak northeast of Taiwan.
The freshwater was mixed with the ambient Taiwan Strait water (S∼33.5 in the surface layer) and moved along the western and northern coast of Taiwan at a speed 0.25-0.5 m s −1 (Fig. 7b) .
According to the observed data, the freshwater pulse was a buoyant plume and its Froude number was ∼0.77, computed by Figure 11 also shows that the leading edge of the freshwater pulse met the upwelled low temperature and high salinity water over the continental shelfbreak, forming a northeastsouthwest density front along the edge of the continental shelf (Fig. 11c) . The density front could cause a velocity shear, defined as
, where Δρ is the density difference over the front width L ρ , in the direction of the front. The velocity shear is -0.01 s −1 , as calculated from measured variables Δρ = 1.5 kg m −3 , L ρ = 25 km, and Figure 11c . Figure 11c indicates that there was another density front that formed between the upwelled cold water and the Kuroshio, with an associated velocity shear of 0.005 s −1 . This velocity shear tends to accelerate the surface currents on the left flank (onshore) of the Kuroshio. For comparison, the typical velocity shear of the Kuroshio is O(10 −3 s −1 ), which is much smaller than that in the density front of the freshwater pulse.
b. Evolution of the freshwater pulse
The discussion on the formation of the freshwater pulse and its mixing with the ambient water and propagation along the coast below is somewhat speculative because of the lack of both in-situ and remote-sensing measurements for the initial distribution of the freshwater at the four major river estuaries as well as their propagation. The evolution of the Morakot-induced freshwater pulse can be divided into the formation phase in the near-field and the propagation phase in the far-field as schematically illustrated in Figure 13 . The formation corresponds to the period of peaking river discharge from Aug. 8-9 (see Fig. 2a ), which consists of the formation of a freshwater bulge and a coastal buoyant current simultaneously. The freshwater must mix with ambient seawater rapidly due to mixing induced by strong typhoon winds (Fig. 3) , swiftly discharging flow, and ambient currents including the tides. Indeed, the vigorous mixing of a freshwater pulse near the discharge point is well-known (e.g., Hetland, 2005; Hetland and MacDonald, 2008;  and MacDonald et al., 2007) . To simply estimate the bulk vertical diffusivity in this phase using K s ∼ wH (Cenedese and Adduce, 2010) , we need to estimate the vertical entrainment velocity w and a characteristic vertical length scale over which the gradients occur (H ). Taking river B as an example, the accumulated volume of the freshwater (V r 0 ) during the two days of peak discharge was ∼6.5 km 3 . The salinity of ambient water is normally 33.5 according to the climatology of salinity in the eastern Taiwan Strait. Assuming the salinity of the mixed water is 30, the conservation of salt requires a volume V a0 = 60 km 3 of ambient water to mix with the freshwater in the formation phase. We assume that the freshwater bulge is a semicircle and is 25 m thick (Fig. 13) . The area of the freshwater bulge A r0 is thus 2,680 km 2 , as estimated based on the total volume of the mixed water V r 0 +V a0 = 66.5 km 3 divided by its thickness 25 m, which equals the area of a semicircle of radius 41 km. The bulk entrainment velocity, defined as w r0 = V a0 /(T r0 A r0 ) where T r0 is time of the peak discharge (two days), is thus 1.3×10 1984; Wunch and Ferrari, 2004, among others) . The estimation will require verification by in situ measurements in the future.
The single freshwater bulge observed off the northern coast of Taiwan (Fig. 11b ) could be formed by two processes: one is formed when multiple sources of freshwater reached the rounded cape of northern Taiwan, and the other is evolved from a single, large pulsed discharge from one of the rivers along the west coast of Taiwan. The former process is that the freshwater discharge from various rivers likely formed a buoyant current, which merged and became a single bulge when the current reached the northern coast of Taiwan due to the separation of the current from the curving coastline in a process similar to that discussed by Klinger (1994) . Klinger (1994) suggested that the flow separation occurs when the radius of curvature of a cape R is smaller than u/f (where u is the characteristic velocity of the current). In our case, the radius of curvature of northern coast of Taiwan R is ∼50 km, which is much greater than u/f (∼8 km, estimated using u ∼0.5 m s −1 and f = 6.26 × 10 −5 rad s −1 ) The result of the scale analysis, although under the condition of a flat bottom and frictionless system suggests that the formation of a single bulge due to flow separation at a rounded cape is minor to the observed one. Alternatively, the evolution of the observed freshwater pulse is more similar to the pulsed discharge of the Hudson River and the associated freshwater bulge that was observed off the New Jersey coast, U.S., during May 24-25, 1989 (Munchow, 1992 Yankovsky et al., 2001) . In their observations, the buoyant water was from a high discharge event of the Hudson River about seven weeks after the peak discharge recorded at the freshwater gauge located ∼250 km upstream from the Hudson River mouth. The buoyant water was carried downstream by the mean ambient current at 0.1-0.5 m s −1 and retained its low salinity from the river gauge to the continental shelf where it was observed. Yankovsky et al. (2001) and Jurisa and Chant (2012) suggest that the anticyclonic freshwater bulge does not require that the buoyancy-driven coastal current become unstable. In our case, the river discharge of the four major rivers in Figure 2a could not be integrated into a single freshwater pulse similar to the one observed in Figure 6e because of the geographical separation of the rivers and the variations in timing and quantity of the discharge of each river. The pulsed discharge of each river, particularly the rivers A and B, moved northeastward along the coast mostly by the advection from the ambient current at a speed of about 0.5 m s −1 . The distances from the rivers A, B, C and D to northern Taiwan are roughly 190, 260, 370 and 440 km, respectively. Thus, the estimated arrival times are 4.4, 6.0, 8.6 and 10.2 days for the pulsed discharge respectively from the rivers A, B, C, and D to the northern coast of Taiwan. The period of the 2009-1 observation relative to Morakot indicates that the most possible origin of the observed freshwater pulse was river B. The volume of the discharge from river A was only one tenth of that from river B, which contributed little to the observed freshwater pulse. The contribution from the discharge of river D to the freshwater pulse can be neglected because the mean current is southeastward off the southwest coast of Taiwan, and thus, only a small fraction of the runoff from this river may have moved to the north. Moreover, the volume of the freshwater (V s=0 ) in the observed freshwater pulse is ∼6.3 km 3 , estimated by the conservation of salt V s=0 = (1 − S/S a )V m where S (=32.7) is the mean salinity of the freshwater pulse, S a (=33.5) is the mean salinity of ambient water, and V m (∼265 km 3 ) is the volume of the observed freshwater pulse (for S < 33.5). The comparable volumes of the estimated freshwater in the observed freshwater pulse and the observed peak discharge of river B during Aug. 8-9 justify the aforementioned inference for the origin and formation of the freshwater pulse.
c. Biological impacts from Morakot
As mentioned previously, the nutrient supply to the southern East China Sea after Typhoon Morakot came primarily from oceanic (e.g., the Kuroshio subsurface water) and terrestrial (river runoff) sources. These nutrients may have a notable impact on phytoplankton biomass and the marine food chain. For example, the SST dramatically declined to about 23
• C and the surface salinity remained high (>34) on the third day after Morakot (Fig. 14a) . The deep nutrient rich water was brought to the surface, mainly from the Kuroshio subsurface upwelling (i.e. oceanic source), and the surface concentration of DIN (NO 3 + NO 2 ) reached its highest value of 5.4 μM on Aug. 11 (Fig. 13b) . On Aug. 12, the upwelling event terminated and the DIN concentrations in the surface layer quickly decreased to low levels and low salinity water (<34) was observed simultaneously. The terrestrial nutrient input appeared in the surface layer mostly after Aug. 14, and gradually occupied the surface layer until Aug. 19. Concentrations of surface chlorophyll a (Chl. a) were approximately 0.3∼0.5 mg m −3 (July 22 and Aug. 5) before the passage of Morakot. The surface Chl. a concentrations gradually increased to 1.9 mg m −3 on Aug. 14 after Morakot passed and reached a maximal level (∼3.7 mg m −3 ) on Aug. 18. Finally, the surface Chl. a concentration rapidly decreased to 0.8 mg m −3 on Aug. 19 and 0.7 mg m −3 on Aug. 26 (Fig. 14c) , respectively. The detailed contributions of nutrients from oceanic and terrestrial sources are discussed by Hung et al. (2013) and Chung et al. (2012) . The depth-integrated inventory of Chl. a in the water column of the upper 50 m was 36 mg m −2 (July 22) before Morakot, increased to 69 mg m −2 on Aug. 12, and reached a maximal value 103 mg m −2 (Aug. 14), three times higher than that before Morakot. Moreover, the phytoplankton biomass (i.e. Chl. a > 45 mg m −2 ) in the study area remained high for approximately two weeks, until Aug. 26 (Chl. a = 37 mg m −2 ). The main phytoplankton assemblages in surface waters before Typhoon Morakot (Aug. 5) were small dinoflagellates and Trichodesmium spp. However, the dominant phytoplankton assemblages three days after Morakot (on Aug. 11) were composed of pennate diatoms, including Pseudonitzchia spp. and Nitzchia spp. Seven days after the passage of Morakot (Aug. 14), the major phytoplankton species changed to large cell colony-forming diatoms, including Chaetoceros, Thalassionema and Skeletonemacostatum (Hung and Gong, 2011; Chung et al., 2012) . The heavy rainfall induced by typhoons normally causes dramatic increases in the river discharge with high nutrient concentrations along the west coast of Taiwan (Hung and Huang, 2005) . Chung et al. (2012) explained that the heavy rainfall of Morakot caused the nutrientenriched low N:P ratio river discharges that propagated from the west coast of Taiwan to the sea off the northern coast of Taiwan and the strong typhoon winds caused nutrient entrainment by the upwelling contributed to the observed diatom bloom and changes in species composition. The diatom bloom ended within one day. The concurrent increase in copepods suggests that intensive grazing pressure was the main cause of the termination of the diatom bloom induced by Typhoon Morakot. Alternatively, Chung et al. (2012) also suggested that the possibility of dilution with ambient water should also be considered as a factor in diminishing the phytoplankton biomass in a short period of time.
Summary
Typhoon Morakot was a category 2 tropical storm that hit southern Taiwan from Aug. 8 to 10, 2009, and caused record-breaking rainfall (as high as 4 m at some rain-gauge stations). The estimated total volume of freshwater discharged into the Taiwan Strait was 27.2 km 3 from four major rivers along the west coast of Taiwan. The freshwater pulse mixed with ambient seawater and was transported northeastward by the current in the Taiwan Strait. Two joint hydrographic surveys using two research vessels each were conducted in the Taiwan Strait and the sea northeast of Taiwan roughly one week and two and a half weeks after Morakot. The hydrography obtained from a similar joint survey in August of 2008 was regarded as normal conditions for comparison. The first survey in 2009 (2009-1) detected a Morakot-induced unusual freshwater pulse. An Ω-shaped freshwater pulse with salinity <33 was observed off the northern tip of Taiwan. The freshwater pulse interacted with the Kuroshio in the sea northeast of Taiwan, forming a distinct salinity/density front and an associated strong velocity shear (∼0.01 s −1 ). The hydrography obtained in the second survey suggests that the freshwater pulse had merged into and then may have been carried northeastward by the Kuroshio. A cold anomaly, which was likely a combination of a typhoon-induced cold wake and the Kuroshio subsurface water intrusion, appeared in the upper layer off the northeastern coast of Taiwan. A qualitative analysis of the evolution of the freshwater pulse suggests that approximately 7 km 3 of freshwater discharged from the largest river in central Taiwan (the Jhuoshuei River) over two days contributed to the freshwater pulse observed one week after Morakot. The freshwater pulse and the upwelling from the Kuroshio subsurface water greatly altered the stratification, current velocity and biological parameters in a short time period (a few days) over the southern East China Sea shelf. The surface Chl. a concentration increased from 0.44 mg m −3 (three days before Morakot) to ∼3.7 mg m −3 (11 days after Morakot), which was an eight-fold increase in the Chl. a concentration. The high phytoplankton biomass (depth-integrated Chl. a > 45 mg m −2 ) at the biological sampling station remained for approximately two weeks after Morakot. The dominant phytoplankton assemblages in surface waters also changed greatly after Morakot. The upwelling of the Kuroshio subsurface water triggered by Morakot and the freshwater pulse from Morakot caused biological blooms in the upper layer due to nutrient inputs from the upwelling, the excess river runoff and the physical processes associated with the buoyant currents.
